The serine/threonine protein phosphatase 1 (PP1) dephosphorylates hundreds of key biological targets. PP1 associates with ≥200 regulatory proteins to form highly specific holoenzymes. These regulatory proteins target PP1 to its point of action within the cell and prime its enzymatic specificity for particular substrates. However, how they direct PP1's specificity is not understood. Here we show that spinophilin, a neuronal PP1 regulator, is entirely unstructured in its unbound form, and it binds PP1 through a folding-upon-binding mechanism in an elongated fashion, blocking one of PP1's three putative substrate binding sites without altering its active site. This mode of binding is sufficient for spinophilin to restrict PP1's activity toward a model substrate in vitro without affecting its ability to dephosphorylate its neuronal substrate, glutamate receptor 1 (GluR1). Thus, our work provides the molecular basis for the ability of spinophilin to dictate PP1 substrate specificity. Accession codes. Protein Data Bank: Atomic coordinates and structure factors for the reported crystal structures have been deposited under accession codes 3EGG (spinophilin-PP1), 3EGH (spinophilin-PP1-nodularin-R) and 3HVQ (neurabin-PP1). Biological Magnetic Resonance Bank: Chemical shifts of spinophilin have been deposited as entry 15180.
a r t i c l e s Transient protein modification is an essential regulatory mechanism for many biological processes. One type of transient modification, phosphorylation, is predicted to occur on approximately one-third of proteins encoded in the human genome 1, 2 . In most eukaryotes, the number of enzymes responsible for the phosphorylation (kinases) and dephosphorylation (phosphatases) of tyrosine residues is nearly identical, ensuring high specificity of their critical functions 3 . However, the ratio of human serine/threonine kinases to phosphatases is well in favor of the kinases (428:~40). As the majority of serine/threonine phosphorylation sites are reversible, the specificity of the phosphatases appears to be low compared to that of serine/threonine kinases.
Protein phosphatase 1 (PP1) is the most widely expressed and abundant serine/threonine phosphatase. PP1 is a single-domain protein that is exceptionally well conserved from fungi to humans, in both sequence and function. Dephosphorylation events by PP1 regulate cell-cycle progression, protein synthesis, muscle contraction, carbohydrate metabolism, transcription and, of specific interest for this work, neuronal signaling 4 . The structure of apo PP1 is not known, largely because of its high instability in solution 5 . However, the structure of PP1 bound to tungstate 6 or various PP1 inhibitors 5, 7, 8 shows that the catalytic site of PP1, which contains two metal ions, is at the intersection of three putative substrate binding regions, referred to as the hydrophobic, acidic and C-terminal grooves.
Although the specificity of serine/threonine phosphatases appears low, PP1 is nevertheless able to dephosphorylate its numerous targets with high specificity. To achieve this specificity, PP1 interacts with a large number of regulatory proteins (~200 confirmed interactors) 9 . PP1 regulatory proteins include inhibitory proteins that keep PP1 in an inactive state and targeting proteins that form highly specific holoenzymes 10 . Targeting proteins direct the specificity of PP1 by localizing it to its point of action within the cell as well as by directly altering its substrate preferences 4 .
Most PP1 regulatory proteins (≥95%) contain a primary PP1 binding motif (R/K)(R/K)(V/I)X(F/W), commonly referred to as the RVXF motif, that interacts with a binding region more than 20 Å away from the active site of PP1 (refs. 4,11) . A structure of PP1 with an RVXF peptide has been described 12 ; however, it provides only limited insights into the regulation of PP1, as this interaction seems to be identical for most if not all PP1 complexes. There is a limited number of holoenzyme structures currently available, resulting from the instability of apo PP1 in solution 5 and the high flexibility of most PP1 regulatory proteins 13 , which makes crystallography exceedingly challenging. Only a single structure each of an inhibitor-PP1 (inhibitor-2-PP1 (ref. 14) ) complex and a targeting protein-PP1 (MYPT1 regulatory subunit-PP1 (ref. 15 )) complex has been reported. These structures provide the first insights into the regulation of PP1, but a detailed understanding of the molecular basis for the ability of targeting proteins to direct the substrate specificity of PP1 is still lacking.
To this end, we used a combination of NMR spectroscopy, X-ray crystallography and biochemistry to elucidate how spinophilin, the most extensively studied neuronal PP1 targeting protein, binds and directs PP1 substrate specificity. Spinophilin, an 817-residue neuronal regulatory protein ( Fig. 1a) , targets PP1 to neuronal synapses 16 , where it controls essential neuronal processes such as AMPA receptor activation 17 and cytoskeletal reorganization 18, 19 and therefore plays a decisive role in learning and memory formation. Furthermore, spinophilin has been shown to have an important role in the actions of drugs of abuse 19, 20 , and changes in PP1 function have been associated with Parkinson's disease 21 . Here we show that the PP1 binding a r t i c l e s domain of spinophilin is highly dynamic in its unbound state. We also show that this flexibility enables spinophilin to interact with PP1 over an extensive surface, forming many unexpected interactions. These results reveal a previously unknown mechanism for the regulation of PP1 substrate specificity, whereby spinophilin binds to PP1 and blocks one of three potential PP1 substrate binding grooves without altering its active site. This work provides fundamental new insights into the regulation of the substrate specificity of PP1 at the molecular level.
RESULTS

The spinophilin PP1 domain is unstructured in solution
It was previously shown that the PP1 binding domain of spinophilin, residues 417-494, is necessary and sufficient for its complete interaction with PP1 (ref. 22) . Using NMR spectroscopy, we investigated the three-dimensional (3D) structure of unbound spinophilin 417-494 polypeptide and showed that it is highly dynamic in solution. A twodimensional [ 1 H, 15 N] heteronuclear single-quantum coherence (2D [ 1 H, 15 N] HSQC) spectrum of spinophilin 417-494 contained little chemical-shift dispersion in the 1 H N dimension and little amino acidspecific clustering in the 15 N dimension, indicative of a highly flexible unstructured domain commonly referred to as an intrinsically disordered protein 23 (Fig. 1b) . In addition, this flexibility was not altered when the PP1 binding domain was associated with its C-terminal structured PDZ domain (spinophilin 417-602 ; Fig. 1c ).
We measured carbon chemical shifts, 15 N autocorrelated relaxation measurements and paramagnetic relaxation enhancements to test for potential preferred secondary structures or a preferred 3D topology. However, in marked contrast to our studies of PP1 inhibitors 13 , the other class of PP1 regulatory molecules, it was not possible to identify any preferred secondary structures or a preferred 3D topology for unbound spinophilin 417-494 ( Fig. 1d,e ). Taken together, these data directly show that spinophilin 417-494 resembles a random-coil polypeptide in solution.
Nevertheless, the unstructured spinophilin PP1-binding domain is functional and interacts strongly with PP1 (we used the α-isoform for all studies here). Isothermal titration calorimetry (ITC) measurements using spinophilin 417-583 and our recombinant PP1 indicated a dissociation constant (K d ) of 8.7 nM ( Fig. 2a) , which agrees well with data available for the interaction of spinophilin with PP1 from natural source 22 . Thus, our recombinant spinophilin and PP1 preparations behave similarly to endogenous proteins, confirming that the data reported here reflect the biologically relevant holoenzyme (spinophilin 417-583 -PP1 complex). a r t i c l e s The crystal structure of the spinophilin-PP1 holoenzyme To elucidate how spinophilin directs PP1 substrate specificity at a molecular level, we determined the 1.85-Å crystal structure of the complex between spinophilin 417-583 and PP1α 7-330 ( Fig. 2b,  Supplementary Fig. 1 and Table 1 ). The overall structure of PP1 is essentially identical to that of reported PP1 structures 7, 24 . The catalytic site of PP1 is at the intersection of three potential substrate binding regions, which are referred to as the hydrophobic, acidic and C-terminal grooves. Two metal ions (Mn 2+ in the recombinant protein, as the protein was expressed in LB medium supplemented with MnCl 2 but likely Fe 2+ and Zn 2+ in native PP1 (ref . 7)) that are essential for the catalytic activity of PP1 are present in the active site of the spinophilin-PP1 holoenzyme. The PP1 binding domain of spinophilin, which is unstructured when not bound to PP1, becomes restricted to a single conformation with residues 424-489 visible in both molecules of the asymmetric unit ( Fig. 2c and Supplementary Fig. 1) . Thus, the spinophilin PP1 binding domain entirely folds upon binding to PP1. We also determined the 3D structure of the neurabin-PP1 holoenzyme ( Supplementary Fig. 2 and Supplementary Table 1 ). Neurabin is the neuron-specific isoform of spinophilin (neurabin-II), and spinophilin and neurabin have ~80% primary sequence identity. We observed no major differences between the two 3D structures. Strikingly, spinophilin 417-583 interacts with PP1 in an unexpected and unique manner, not only occupying the RVXF-motif binding pocket ( Fig. 3a) but also forming multiple interactions with different regions of PP1, including a substantial part of the PP1 C-terminal groove. The highly dynamic nature of spinophilin in its unbound state is likely essential for forming the substantial intermolecular interface of 3,926 Å 2 between spinophilin and PP1 (ref. 25) , ~2.5 times larger than the average interface for proteinprotein complexes 26 and with ~16% of the surface of the globular catalytic domain of PP1 buried.
Spinophilin binds PP1 at multiple regions
The interaction of spinophilin with PP1 can be divided into four unique regions. Region I is formed by spinophilin residues 447-451 (RKIHF, the RVXF motif), which interact in the PP1 RVXF binding groove (Fig. 3a,b) ; this is the only expected interaction, based on previous work. As seen in the MYPT1 regulatory subunit-PP1 (ref. 15 ) and inhibitor-2-PP1 (ref. 14) complex structures, residues of the spinophilin RVXF motif bind in an extended conformation, with spinophilin residues Ile449 and Phe451 buried in the PP1 RVXF binding groove. However, in contrast to all previously described interactions, the histidine residue at position X of the spinophilin RVXF motif forms a hydrogen bond with Thr288 in PP1. In neurabin, the residue occupying the X position is a lysine, which also forms an identical polar contact with PP1 ( Supplementary Fig. 3a ). This indicates that, for both the spinophilin-PP1 and neurabin-PP1 holoenzymes, the residue at position X unexpectedly plays a role in the RVXF motif binding interaction.
Interaction regions II and III of spinophilin undergo what is commonly referred to as 'coupled folding and binding' 27 (Fig. 2c) . In region II, spinophilin residues 430-434 and 456-460 fold to form two β-strands that extend the PP1 β-sheet 1 into an extensive 7-strand β-sheet (Figs. 2b,c and 4a) . In region III, spinophilin residues 476-492 fold into a four-turn α-helix that forms electrostatic and hydrophobic interactions with the surface of PP1 and is adjacent to both the C-terminal and hydrophobic grooves (Figs. 2b,c and 4b) .
We did not observe the β-strands or α-helix in unbound spinophilin; thus, they require PP1 to fold.
Region IV is formed by spinophilin residues 462-469, which bind into a substantial part of the PP1 C-terminal groove (Figs. 2b,c and 4c; Supplementary Fig. 3b for neurabin). Here spinophilin Spinophilin residues (RVXF sequence, green) and PP1 (gray, surface and stick representation for interacting residues) are shown with oxygen atoms in orange and nitrogen atoms in dark blue. Hydrogen bonds are represented as black dashes. The spinophilin RVXF sequence ( 447 RKIHF 451 ) is preceded by a long loop that folds back on itself (Fig. 2b,c) to form a strong hydrogen bond network. Some residues in the loop have been omitted for clarity.
a r t i c l e s Arg469, which has the second-highest buried surface area of any spinophilin residue (only Ile449 of the RVXF motif has more), forms the core of this interaction. It does so by establishing strong backbone and side chain hydrogen bond interactions both intramolecularly, with Tyr462 and Asn464 in spinophilin, and intermolecularly, with Asp71 in PP1. These interactions prime spinophilin residues Tyr462 and Tyr467 to form extensive hydrophobic interactions with PP1.
To understand the influence of each of the four spinophilin-PP1 interaction regions, we created multiple single-residue mutants of the spinophilin PP1 binding domain and measured their ability to influence binding to PP1. None of the introduced mutations disrupted the overall fold of spinophilin, as indicated by circular dichroism spectrum analysis (Supplementary Fig. 4) . The mutations that most negatively impacted PP1 binding affected residues in the spinophilin RVXF motif (interaction region I, F451A) and the C-terminal groove binding motif (interaction region IV, Y467A, R469A, R469D), with a smaller negative effect observed for residues in the β-sheet area (interaction region II, F459A) ( Fig. 5a,b) . Notably, the hydrophobic phenylalanine residue in the RVXF motif (Phe451) had the most negative effect on PP1 binding, in excellent agreement with the reported RVXF-motif mutational analysis of other regulator-PP1 complexes 9, 12 . Single point mutations in the α-helix had the least influence on PP1 binding.
Spinophilin does not affect the PP1 active site
Despite its extensive interaction surface, spinophilin does not bind PP1 near its active site and appears to leave the active site unchanged. We verified this by determining the 2.0-Å crystal structure of the spinophilin-PP1-nodularin-R triple complex. Nodularin-R is a molecular toxin that inhibits PP1 by direct active-site interaction 5 . Comparison of this structure with the PP1-nodularin-R cocomplex structure 5 (PDB 3E7A) reveals that spinophilin does not alter the binding interactions of molecules directly at the active site of PP1, nor does it alter the PP1 hydrophobic substrate binding groove ( Fig. 5c and Supplementary Fig. 5 ). a r t i c l e s
Spinophilin-PP1 interactions define PP1 specificity
Despite the fact that the interaction of molecules at the active site of PP1 is unchanged, spinophilin directs PP1 substrate specificity in a manner independent of its ability to target PP1 to distinct subcellular locations, a phenomenon that has also been described for other PP1 targeting proteins 12, 28 . This is shown in Figure 5d , which illustrates the decisively altered dephosphorylation efficiency of PP1 in the presence and absence of spinophilin 417-583 . We used the following PP1 substrates: (i) Ser845 protein kinase A (PKA)-phosphorylated GluR1 809-889 , a specific substrate of the spinophilin-PP1 holoenzyme 17 (GluR1 809-889 ); (ii) phosphorylase a, a specific substrate of the GM-PP1 holoenzyme and not the spinophilin-PP1 holoenzyme 29 ; and (iii) p-nitrophenyl phosphate (pNPP), a commonly used model substrate. Spinophilin inhibited the activity of PP1 for phosphorylase a (red), whereas it had no effect on the activity of PP1 for GluR1 (blue) and pNPP (green). Notably, this inhibition could be completely ablated by a mutation of either spinophilin Phe451 or Arg469 (Fig. 5d) , clearly showing that both interactions are necessary for the formation of the functional holoenzyme. The unaltered dephosphorylation efficiency of PP1 for the small-molecule substrate pNPP lends further support to the observation that spinophilin does not alter the binding of molecules at the active site of PP1. Therefore, the striking change in substrate specificity of the spinophilin-PP1 holoenzyme must result from a modification of the PP1 substrate binding surface. This can be achieved by an alteration of the surface electrostatics, by steric blocking of essential binding sites or both. Although the interaction surface between PP1 and spinophilin is extensive, spinophilin binding does not substantially alter the charge distribution of the enzyme (Fig. 5e) . Instead, spinophilin directs PP1 specificity by a different mechanism, via steric inhibition of alternative substrate binding sites. Spinophilin binds a large part of the PP1 C-terminal groove, blocking access to substrates that require this groove for binding to PP1. Indeed, mutation of Asp71 (Fig. 4c) , a PP1 residue located in the center of the C-terminal substrate binding pocket, led to a substantial increase in the K M for dephosphorylation of phosphorylase a 30 , highlighting its role in substrate binding. In the spinophilin-PP1 holoenzyme, Asp71 forms a hydrogen bond with spinophilin Arg469 and is completely inaccessible to solvent. To further investigate the role of Asp71 in substrate selectivity, we tested the activity of PP1 D71N against phosphorylated GluR1 809-889 and phosphorylase a (Fig. 5f) . We found the expected decrease by a factor of 3.0 in the activity of PP1 for phosphorylase a, nearly identical to the decrease by a factor of 2.9 that we identified when using the spinophilin-PP1 holoenzyme. However, mutation of Asp71 had no effect on the dephosphorylation of GluR1 809-889. Further corroborating these results, spinophilin shows ~60% reduced binding compared to that of PP1 D71N (Fig. 5g) . Lastly, the only interaction region with 100% primary sequence identity between the neurabin and spinophilin isoforms is the PP1 C-terminal groove binding sequence, further highlighting the importance of this interaction.
DISCUSSION
Our biochemical, dynamic and structural data of the spinophilin PP1 binding domain alone and the sphinophilin-PP1 holoenzyme show that spinophilin is an intrinsically unstructured protein that undergoes a folding-upon-binding transition upon interaction with PP1. The high intrinsic flexibility of unbound spinophilin allows for unique interactions with PP1, resulting in an unusually large protein-protein interface. Spinophilin binds, as anticipated, into the PP1 RVXF binding groove. However, unexpectedly, spinophilin also binds PP1 in numerous additional surface grooves, including the C-terminal substrate binding groove. The spinophilin RVXF motif is indeed critical for PP1 binding, but residues that interact with the PP1 β-strands, as well as the PP1 C-terminal groove, are also important, with the latter interaction region being necessary for directing the substrate specificity of PP1.
Taken together, these structural and biochemical data provide a novel explanation for the reduced dephosphorylation efficiency of the spinophilin-PP1 holoenzyme for phosphorylase a. The results clearly show the importance of the interaction of spinophilin with the PP1 C-terminal groove for altering the substrate specificity of PP1. Based on these data, we propose that apo PP1 is able to bind substrates using any combination of its three potential substrate binding grooves (Fig. 6a) . Notably, spinophilin binds into only one of these three alternative sites, so the acidic and hydrophobic substrate binding grooves are still accessible. However, in the presence of spinophilin, PP1 can only bind (and, in turn, select) substrates that interact with the hydrophobic and/or acidic grooves (Fig. 6b) ; substrates that require the C-terminal groove for substrate binding, such as phosphorylase a, are blocked. This mechanism for altered substrate specificity of PP1 is different from that reported for the MYPT1-PP1 holoenzyme, which was proposed to be driven by altered electrostatics 15 . However, when MYPT1 binds to PP1, a modified substrate binding surface with extended substrate grooves is formed (Supplementary Fig. 6 ). Taking the data from these two structures, it is likely that PP1 can achieve substrate specificity via a substrate exclusion process, which is exemplified by spinophilin-PP1, as well as by a combined substrate inclusion-exclusion process, which is exemplified by MYPT1-PP1.
In addition, this is the first time, to our knowledge, that an intrinsically disordered protein (spinophilin) has been shown to regulate enzymatic activity by directing the substrate specificity of an enzyme instead of activating or inhibiting it directly. Whereas the PP1 binding domain of spinophilin behaves as a random-coil peptide in solution, it completely folds upon binding to PP1 and becomes rigid. The results obtained here, taken together with the targeting of spinophilin-PP1 to the postsynaptic aspect of the synapse, will ensure that PP1 is placed in an active state close to its selected substrate, GluR1.
Further comparison of the spinophilin-PP1 holoenzyme structure with the two previously reported regulatory protein-PP1 holoenzymes (inhibitor-2-PP1 and Mypt1-PP1) shows that the binding mode for all three proteins is unique and that the only shared interaction is the conserved RVXF binding groove 14, 15 . Thus, this comparison, combined with other biochemical data 31 , suggests that nearly every accessible surface on the catalytic face of PP1 is a potential protein-interaction site, allowing for numerous unique interactions and therefore abundant unique holoenzymes, each with individual substrate preferences. These observations begin to explain the striking diversity of PP1 holoenzymes, each of which may form a truly unique enzyme with distinctive properties. This is made even more intriguing by the fact that the number (~200) of identified PP1-targeting proteins is still increasing 9 . If the diversity of interactions observed for PP1 is conserved across serine/threonine phosphatases, it would allow the ~40 serine/threonine phosphatases to form hundreds of unique holoenzymes, ensuring that they are as specific as the 428 known serine/threonine kinases.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
ONLINE METHODS
Cloning and expression. We subcloned rat spinophilin 417-602 , spinophilin 417-583 , neurabin 426-592 and PP1α 7-330 into a modified pET-28a vector, which encodes an N-terminal expression and hexahistidine tag followed by a tobacco etch virus (TEV) protease cleavage site. We subcloned spinophilin 417-494 into a modified pGEX-based vector, encoding a GST-tag and a TEV protease cleavage site. We cloned human GluR1 809-889 into a modified pETM-30 vector that encodes a hexahistidine-GST tag and TEV protease cleavage site. We generated mutants using the Stratagene Quikchange mutagenesis kit. We overexpressed spinophilin, neurabin and GluR1 constructs in Escherichia coli BL21(DE3) CodonPlus cells. For NMR measurements, we carried out the expression of uniformly 15 N-and/or 13 C-labeled protein by growing cells in M9 minimal media containing 1 g l −1 [ 15 N]H 4 Cl and/or 4 g l −1 [ 13 C]d-glucose (CIL) as the sole nitrogen and carbon sources. We produced PP1α 7-330 and the catalytic subunit α of protein kinase A (PKA) as previously described 5, 13 . We lysed all cells by high-pressure cell homogenization (Avestin C3 Emulsiflex).
Protein purification. We loaded spinophilin 417-583 , spinophilin 417-602 and neurabin 426-592 onto a HisTrap HP column (GE Healthcare), eluted them with buffer containing imidazole, dialyzed them and incubated them at 4 °C with TEV. We loaded samples onto nickel nitrilotriacetic acid (Ni-NTA) beads (Qiagen); we further purified the flowthrough using size-exclusion chromatography (SEC). We performed all SEC purifications using a Superdex 75 26/60 column (GE Healthcare). For NMR experiments, we concentrated spinophilin 417-602 to 1 mM in 20 mM NaPO 4 (pH 6.5), 50 mM NaCl, 0.02% (w/v) NaN 3 , 10% (v/v) D 2 O and 0.25 mM phenylmethylsulfonyl fluoride (PMSF). We concentrated spinophilin 417-583 to 250 µM, flash froze it in liquid nitrogen and stored it at −80 °C for subsequent experiments. We bound spinophilin 417-494 to GST resin (Novagen) eluted with buffer containing glutathione, dialyzed it and incubated it at 4 °C with TEV. We removed GST using a second GST column. We heated protein to 90 °C for 10 min and then removed precipitated protein by centrifugation at 18,000g. NMR spectra measured before and after the heat purification confirmed that the topology of spinophilin 417-494 was not affected. We exchanged samples into 20 mM NaPO 4 (pH 6.5), 50 mM NaCl, 0.02% (w/v) NaN 3 , 10% (v/v) D 2 O buffer and concentrated to 1 mM for [ 15 N]spinophilin 417-494 and 0.67 mM for [ 15 N, 13 C]spinophilin .
For complex production, we bound PP1α 7-330 to Ni-NTA beads. We washed the column with low-salt buffer and then incubated it with spinophilin 417-583 or neurabin . We eluted complexes with buffer containing imidazole and purified them by SEC (20 mM Tris, pH 7.5, 50 mM NaCl, 0.5 mM TCEP). We pooled fractions containing complex, incubated them with TEV at 4 °C overnight (18 h) and further purified them using SEC. We purified the spinophilin 417-583 -PP1α 7-330 -nodularin-R complex using the identical protocol, with the addition of nodularin-R (Alexis) in a 1:1.25 molar ratio immediately following TEV cleavage. For ITC experiments and dephosphorylation assays, we purified PP1α 7-330 using a single-step Ni-NTA affinity purification at 4 °C and kept it at concentrations below 5 µM.
We purified GST-GluR1 809-889 using a HisTrap HP column. We dialyzed the eluate overnight (18 h) at 4 °C and purified it using SEC (20 mM Tris, pH 8.0, 50 mM NaCl, 0.5 mM TCEP). We phosphorylated GST-GluR1 809-889 using PKA in 20 mM Tris, pH 8.0, 50 mM NaCl, 0.5 mM TCEP, 10 mM MgCl 2 , 200 µM ATP, 1 µM EDTA at 30 °C for 3 h and confirmed phosphorylation using Pro-Q Diamond phosphoprotein gel stain (Invitrogen).
NMR measurements.
We performed NMR measurements at 298 K on a Bruker Avance II 500 MHz spectrometer equipped with a TCI HCN z-gradient cryoprobe. We performed chemical-shift referencing, NMR spectra processing, chemical-shift assignments, 15 N longitudinal (R 1 ) and transverse (R 2 ) relaxation rate, { 15 N}-heteronuclear NOE measurement and secondary structure propensity calculations as described 13 .
Crystallization. We concentrated the purified complexes to 4.9 mg ml −1 (spinophilin 417-583 -PP1α 7-330 ), 4.6 mg ml −1 (spinophilin 417-583 -PP1α 7-330 -nodularin-R) and 3.0 mg ml −1 (neurabin 426-592 -PP1α 7-330 ). We crystallized complexes using the sitting-drop vapor diffusion method at 4 °C, using a 2:1 ratio of protein to crystallization solution except for spinophilin 417-583 -PP1α 7-330 , for which a 1:1 ratio was optimal. Crystals grew in 0.2 M NaCl, 0.1 M MES (pH 6.5), 10% (w/v) PEG 4000 (spinophilin 417-583 -PP1α 7-330 ); 0.1 M MES (pH 6.5), 15% (w/v) PEG 550 MME (spinophilin 417-583 -PP1α 7-330 -nodularin-R) or 0.2 M diammonium hydrogen phosphate, 20% (w/v) PEG 3350 (neurabin 426-592 -PP1α 7-330 ). We cryoprotected crystals using crystallization solution supplemented with 25% (v/v) glycerol (spinophilin 417-583 -PP1α 7-330 and neurabin 426-592 -PP1α 7-330 ) or 20% (v/v) glycerol (spinophilin 417-583 -PP1α 7-330 -nodularin-R).
Data collection and structure determination. We collected data for all complexes at the Brookhaven National Laboratories National Synchrotron Light Source Beamline X6A at 100 K and a wavelength of 1 Å using an ADSC QUANTUM 210 CCD detector. We indexed, scaled and merged data using HKL2000 0.98.692i (ref. 32) .
We phased the spinophilin 417-583 -PP1α 7-330 1.85-Å data using molecular replacement (Phaser 1.3.2 (ref. 33) ) with the coordinates of PP1α 7-330 (ref. 5) (PDB 3E7A) and the PDZ domain of spinophilin 34 (PDB 2G5M) as search models. We obtained a solution for two copies of PP1 and one copy of the spinophilin PDZ domain. We observed clear electron density for both spinophilin PP1 binding domains.
We phased the spinophilin 417-583 -PP1α 7-330 -nodularin-R 2.00-Å data using difference Fourier synthesis using the coordinates of the spinophilin 417-583 -PP1α 7-330 complex (without ligand and water molecules). We observed clear electron density for nodularin-R. The REFMAC5 library for nodularin-R was identical to that used for structure determination of the PP1α 7-300 -nodularin-R complex 5 (3E7A).
We phased the neurabin 426-592 -PP1α 7-330 2.2-Å data using molecular replacement (Phaser 2.1.1) with the coordinates of PP1α 7-330 and the PDZ domain of spinophilin (3EGG) as search models. We obtained a solution for two copies of PP1 and one copy of the spinophilin PDZ domain. We observed clear electron density for both neurabin PP1 binding domains and for the residue changes in the neurabin PDZ domain.
We completed all models by cycles of manual building using the program Coot 35 coupled with refinement using REFMAC5.2.0019 (ref. 36) . We added water and ligand molecules during the final stages of model building; we performed the final rounds of refinement using REFMAC5.2.0019 with TLS 37 , using a TLS model identified with the TLSMD server 38 . We produced all structural figures using PyMOL (DeLano Scientific). We analyzed the stereochemical quality of the model using the programs MolProbity 39 and PROCHECK 40 .
Dephosphorylation reactions. We prepared phosphorylase a (Sigma) as described 41 . Before the dephosphorylation reactions, we incubated PP1α 7-330 alone or in the presence of spinophilin 417-583 at room temperature 22 °C for 15 min. We initiated dephosphorylation by the addition of either GST-GluR1 809-889 or phosphorylase a. We incubated reactions for 30 min at 30 °C and quenched them by the addition of SDS-PAGE loading buffer and boiling for 10 min at 100 °C. We separated samples by SDS-PAGE, and we measured phosphorylation using Pro-Q Diamond phosphoprotein gel stain (Invitrogen) and visualized it using a Typhoon 9410 (Amersham Bioscience) with excitation at 532 nm and emission at 560 nm. We measured total protein using Sypro Ruby protein gel stain (Invitrogen). We quantified band densities using ImageQuant TL (GE Healthcare). We corrected Pro-Q results for total protein as previously described 42 .
We initiated dephosphorylation of pNPP by addition of pNPP to a final concentration of 2 mM. We incubated reactions for 30 min at 30 °C and quenched them by addition of 1 M NaOH. We determined the amount of p-nitrophenolate product from the absorbance at 405 nm using a molar extinction coefficient of 18,000 M −1 cm −1 . We normalized all data to no PP1 controls and subtracted from 1 to give relative dephosphorylation.
Capture assay. We bound hexahistidine-tagged PP1α 7-330 to Ni-NTA beads (13 parallel 1-ml columns with fresh Ni-NTA beads (Qiagen)) and extensively washed them. We incubated spinophilin 417-583 with Ni-NTA-bound PP1α . We washed the column to remove all unbound spinophilin and eluted spinophilin-PP1 complexes with buffer containing imidazole. We subjected samples to SDS-PAGE gel electrophoresis analysis using Coomassie blue staining.
Isothermal titration calorimetry.
We dialyzed spinophilin 417-583 and PP1α 7-330 overnight (18 h) into 20 mM Tris, pH 7.5, 500 mM NaCl, 0.5 mM TCEP at 4 °C.
